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Cardiovascular Research Institute, University of California, San Francisco, California 94143

Abstract

To study the roles of substance P and endogenous neutral en-
dopeptidase in mediating cough, we measured cough responses
in awake guinea pigs in response to exogenous substance P and
capsaicin aerosols in the presence and absence of the neutral
endopeptidase inhibitors leucine-thiorphan and phosphorami-
don. Substance P stimulated cough in very low concentrations
(10-17_10-16 M). In a second study where the investigator did
not know whether substance P or diluent alone was aerosol-
ized, substance P (10-16 M) caused cough. Leucine-thiorphan
(10-5 M) and phosphoramidon (i0-5 M) potentiated substance
P-induced cough; NEP inhibitors also potentiated capsaicin-
induced cough significantly. These findings suggest that sub-
stance P is a potent stimulator of cough responses, that cap-
saicin-induced cough is mediated by substance P or another
similar neuropeptide, and that cough responses are modulated
by endogenous neutral endopeptidase.

Introduction

Cough is an important respiratory defense mechanism (1, 2),
and it is one of the most important symptoms of respiratory
disease. Sensory nerve endings in the airways are believed to
transmit cough signals from the airways to the central nervous
system via the vagus nerves (3-7). Substance P (SP)'-like im-
munoreactivity has been found in the airways of several spe-
cies, including humans and guinea pigs (8-10). Substance P is
released from sensory nerves in the airways by capsaicin and
by electrical stimulation (12). Substance P has been shown to
have many pro-inflammatory actions in the lungs, e.g., bron-
choconstriction (12-15), increases in vascular permeability
(1 1), and increases in secretion from glands (16-18). Because
capsaicin releases SP from sensory nerves, it has pro-inflam-
matory actions in the lungs similar to those of SP (1 1), and it
causes cough in humans (19) and in guinea pigs (7). However,
the effect of SP on cough responses is not known. Because SP
is known to stimulate abdominal visceral sensory nerves in
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cats (20), it is possible that SP itself might directly stimulate
cough responses.

The actions of SP in the airways are modified by pepti-
dases, especially neutral endopeptidase (NEP) (also called
enkephalinase, membrane metalloendopeptidase, E.C.
3.4.24.11). Neutral endopeptidase activity exists in airways
and in the vagus nerves of ferrets (21), and in the tracheas and
bronchi of guinea pigs (22). Immunoreactive NEP has been
visualized in the vagus nerves using a polyclonal antibody
(unpublished results). In the airways, NEP inhibitors poten-
tiate the effects of SP on secretion from glands (18), on smooth
muscle contraction, and on cholinergic neurotransmission
(15), suggesting that NEP present in the airways normally
cleaves SP to inactive metabolites and thereby limits its ac-
tions.

In this study, we attempted to determine whether exoge-
nously applied or endogenously released SP stimulates cough
responses and whether the NEP inhibitors leucine-thiorphan
(1-thiorphan), an analogue of thiorphan (23), or phosphorami-
don, by preventing the cleavage of SP by NEP, might exagger-
ate the effects of SP on cough responses. To stimulate the
release of endogenous SP, we used capsaicin (the active com-
ponent of red pepper), an agent known to stimulate the neural
release of SP (24).

Methods

Measurement of cough responses. Guinea pigs were chosen because
they are known to cough in response to irritants (7). Weused 87 guinea
pigs (male Hartley, 450-550 g in weight). Guinea pigs were treated
according to procedures of The Committee on Animal Care at The
University of California, San Francisco. Because the cough reflex is
reduced by anesthesia as are other vagal reflexes (25), we studied cough
responses in awake animals. Each guinea pig was placed in a horizon-
tally fixed 1 -liter glass jar and allowed to relax. Two holes (5-mm diam)
were made in the cap of the jar near the nose of the guinea pig. One
hole was connected via a tube to a source of constant flow of 0.6
liters/min. This served to provide fresh air to the inside of the jar. To
expose the guinea pig to aerosols, we switched the airflow source to
provide airflow from an ultrasonic nebulizer (DeVilbiss 25), which
produces particles of a mean mass diameter of 7.6±2.6 ,m (geometric
standard deviation). The output of the nebulizer was 0.2 ml/min. The
second hole in the cap of the jar was connected to a pneumotachograph
(Fleisch 00), which was attached to a differential strain gauge (PM5;
Statham Instruments, Oxnard, CA), and airflow was recorded on a
polygraph (Grass 5D; Grass Instrument Co., Inc., Quincy, MA).
Cough was detected as transient changes in airflow: a rapid inspiration
followed by rapid expiration (see Fig. 1). Previous studies have used
measurements of airflow to assess frequency of cough (26). Because
motion of the guinea pig in the jar also produced changes in recorded
flow, we continuously monitored this activity visually and disregarded
motion-induced changes in airflow. After each study, the jar, tubing,
and nebulizer were washed in hot water, followed by solutions of
NaOH(pH 1 1), 100% ethanol, and water to ensure that drugs that had
deposited on their walls were removed.

In preliminary studies, animals were observed for 5 min in the
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Figure 1. Record of cough responses to aerosols (2 min; horizontal
bars) of saline (A), substance P (SP) (10- ' M; B), and SP (10-'7 M)
after leucine-thiorphan (10-i M, 5 min; C) in a guinea pig (as de-
scribed in Methods). Vertical bars show the airflow rate through the
pneumotachograph (in milliliters per min). Each cough is indicated
by the symbol (o). The number of coughs was increased slightly by
exposure to SP aerosol but was increased markedly by SP after leu-
cine-thiorphan.

absence of stimulation, during which time the number of coughs were
counted. Of the 11 animals studied, only 2 coughed during this period.
The average number of coughs was 0.18±0.12 in 5 min, a number not
statistically different from zero. Next, to determine whether saline or
the vehicle for 1-thiorphan caused cough or potentiated saline-induced
cough, we first exposed animals to ethanol (1% in saline for 5 min), and
then, at 1 5-min intervals, we exposed them to saline for 2 min.

Substance P-induced cough. In the next series of experiments, we
selected guinea pigs that coughed less than three times during a 5-min
exposure to an aerosol of saline (0.9% NaCl) and 0.1% ethanol (the
vehicle for 1-thiorphan). The guinea pigs were then allowed to rest for
15 min before further study. To evaluate the effects of SP on cough
responses, we exposed guinea pigs to SP for 2 min and then observed
them for an additional 13 min, and we counted the total number of
coughs during the entire 15-min period. Preliminary studies showed
that a single exposure to saline aerosols induced 2.1±2.0 coughs in 15
min (mean±SD; 5 guinea pigs), so we defined the threshold for SP-in-
duced cough to be five or more coughs during the 15-min period.
Guinea pigs were exposed to increasing concentrations of SP starting at
10-18 M, until significant cough responses were obtained. At higher
concentrations (e.g., I0- 4 M), the responses were large and not repro-
ducible. Furthermore, because subsequent exposure to saline-stimu-
lated cough in guinea pigs that had large cough responses to SP, we
discontinued exposure after determining the threshold of the response.

Because very low concentrations of SP were sufficient to produce
cough, we performed an additional group of experiments in which one
observer prepared the drugs. A second observer, who did not know the
contents of the aerosol generator or the sequence of the exposures,
monitored the responses. In these experiments, we exposed 10 guinea
pigs to 0.1% ethanol and saline vehicle for 5 min and waited for an
additional 15 min. Then, after the baseline response to saline was
determined, we exposed five guinea pigs to SP (10-'6 M) and five other
guinea pigs to the SP vehicle alone (acetic acid, I0- 4 N) for 2 min and
observed them for 13 min. Wecounted the number of coughs during
this 15-min period. Because it is possible that the acetic acid (0.1 N)
used to dissolve the SP might stimulate cough, we performed addi-
tional experiments in which we dissolved the SP in saline rather than
acetic acid and delivered first saline and then SP (10-16 M; each expo-
sure, 2 min) and monitored cough for an additional 13 min.

Effects of neutral endopeptidase inhibitors. To determine whether
endogenous NEPmodulates SP-induced cough, 4 h after the first ex-
posure to SP, we repeated the SP exposure in five guinea pigs 15 min
after exposing them to aerosols of 1-thiorphan (10-' M, 5 min). Prelim-
inary studies showed that l-thiorphan alone did not stimulate cough
more than saline (1.3±0.6 vs. 1.2±0.2 coughs in 5 min) and did not
potentiate saline-induced cough compared to the effects of its vehicle
(0.1% ethanol; 3.3±0.8 vs. 2.2±0.5 coughs in 15 min). After 1-thior-

phan treatment, exposures to SP were begun at concentrations 1,000-
fold below the threshold concentration of SP alone in the same guinea
pig. In five additional animals, we repeated the SP exposure 15 min
after exposing the animal to aerosols of the vehicle for 1-thiorphan
(0.1% ethanol and saline, 5 min). Because 1-thiorphan inhibits airway
kininase II in addition to NEP(27), it is possible that the effects of
1-thiorphan were mediated by inhibition of kininase II. Therefore, we
studied the effects of phosphoramidon, an NEPinhibitor with minimal
effects on airway kininase II (27). Animals received aerosols of either
saline or phosphoramidon (10-5 M, 5 min), followed 10 min later by
either saline or SP (10-16 M, 2 min).

Capsaicin-induced cough. To study capsaicin-induced cough, we
avoided the problem of tachyphylaxis by dividing the experiments into
two groups:

Weexposed three guinea pigs firstto l-thiorphan (10- M) for 5 min
and waited for an additional 15 min. Then, after the baseline response
to saline was determined, we exposed them to capsaicin for 2 min at a
concentration (10-18 M) that is near threshold and observed them for
an additional 13 min, during which time we counted the total number
of coughs. 1 wk later, as a control, we exposed the same guinea pigs to
0.1% the ethanol and saline vehicle (instead of 1-thiorphan) for 5 min
and waited for 15 min. Then, after the baseline response to saline
exposure was determined, we exposed them to capsaicin (1018 M,
2 min).

Weexposed the other three guinea pigs first to aerosols of the 0.1%
ethanol and saline vehicle, followed by saline and then capsaicin. A
week later, we reexposed this group of animals first to 1-thiorphan, then
to saline, and finally to capsaicin.

In another study, we determined the effects in different animals
either of saline (vehicle for phosphoramidon) or of phosphoramidon
(10-i M, 5 min each) on cough induced by capsaicin (10-'7 M, 2 min)
in each of five guinea pigs.

We attempted to determine whether SP receptor antagonists al-
tered SP- or capsaicin-induced cough responses, but preliminary stud-
ies showed that [D-Pro2,D-Trp7'9]-SP (n = 3) or [i-Arg1,D-Pro2,D-
Trp79,Leull]-SP (n = 5) alone stimulated cough in concentrations
ranging from 10-16 to 10-7 M, thus making this strategy unsuitable for
further study. To compare the SP- or capsaicin-induced cough re-
sponses to those induced by a known stimulant of cough, we exposed
two additional guinea pigs to histamine (2 min, starting at 1010 M), in
the absence and presence of 1-thiorphan.

Preparation of drugs. For most of the studies, SP (Peninsula Labs,
Belmont, CA) was dissolved in 0.1 N acetic acid to give a stock solution
of 10-3 M that was stored at -25°C. l-Thiorphan (a gift from E. R.
Squibb Pharmaceuticals, Inc., Princeton, NJ) was dissolved in 100%
ethanol, and capsaicin (Sigma Chemical Co., St. Louis, MO) was dis-
solved in 10% ethanol and 10% Tween 80 in 0.9% saline to give stock
solutions of 10-2 Mthat were stored at 4°C. These stock solutions were
diluted in 0.9% saline as necessary for each experiment. Histamine
(Sigma Chemical Co.) was dissolved in 0.9% saline.

Data analysis. Unless otherwise stated, data are expressed as the
number of coughs (mean±SE) during the observation period (15 min).
Cough responses were compared by one-way analysis of variance and
Newman-Keuls test for multiple comparisons. Significance was ac-
cepted at P < 0.05.

Results

In the absence of any aerosol, the average number of coughs in
a 5-min observation period was 0.18±0.12, a number not sta-
tistically different from zero. Neither ethanol nor any of three
exposures to saline caused cough (2.3±1.4, 1.7±0.9, 3.0±1.2,
and 3.7±0.9, respectively; n = 3 each).

Substance P-induced cough. Substance P increased the
number of coughs in a dose-dependent fashion. During the
first exposure to SP in acetic acid, the threshold concentration
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Figure 2. Reproducibility of the effects of saline and substance P (SP)
on cough responses in five awake guinea pigs. Data are expressed as

the total number of coughs observed during a 2-min exposure and
the subsequent 1 3-min period after the end of exposure to saline or

to SP. Each panel shows data for one guinea pig. The threshold for
SP-induced cough is between I 0-7 and 10-16 Mfor each animal.
The second study (o) in each animal was performed 4 h after the first
study (o) and showed that the second responses to SP were slightly
greater than the first.

was l0-17 or 10-16 M for SP (Fig. 2). 4 h later, when we re-

peated the study, the number of SP-induced coughs was
slightly greater at the threshold concentration (7.0±0.8 com-

pared to 8.6±1.0; P< 0.05), although there were no significant
increases in the number of coughs upon reexposure to saline.
Although there was an increase in the number of coughs at the
threshold concentration of SP in four of five guinea pigs, the
threshold concentration did not decrease more than one log
unit.

In the group of experiments in which the observer was not
familiar with the contents of the aerosol generator or the se-

quence of the exposures, SP (1 0-16 M) stimulated cough signif-
icantly more than saline did (9.2±1.7 vs. 3.6±0.7; P < 0.05, n

= 5). However, the vehicle of SP (0.1 N acetic acid diluted to
10-'4 M) alone did not stimulate cough more than saline did
(3.4±0.8 vs. 2.4± 1.0; P> 0.05, n = 5). In the absence of added
acetic acid, SP stimulated cough significantly more than saline

Saline 20 19 18 17 16 Saline 20 19 18 17 16

Saline20 19 18 17 16 15 14

-Log Concentratlon(M) of SP

Figure 3. Effects of leucine-thiorphan on saline and substance P
(SP)-induced cough in five awake guinea pigs. Data are expressed as

the total number of coughs in a 1 5-min observation period. Each
panel shows data for one guinea pig. Open circles show responses to

SP alone. Closed squares show responses to SP after exposure to leu-
cine-thiorphan (lO-5 M, 5 min). In each guinea pig, leucine-thior-
phan shifted the concentration-response curve to SP to lower con-

centrations and increased the number of coughs in response to SP.

did (6.0±0.5 vs. 1.2±0.5 coughs in 15 min, respectively; P
<0.001,n = 5).

Leucine-thiorphan potentiated SP-induced cough (Fig. 3).
After treatment with 1-thiorphan, the dose-response curves

were shifted to lower concentrations of SP by at least two log
units in each of five guinea pigs, and the number of coughs
increased strikingly in three of five guinea pigs. There were no

significant increases in cough upon reexposure to saline. Al-
though phosphoramidon alone did not stimulate cough more

than saline did (1.4±0.9 vs. 1.2±0.2 coughs in 5 min), it po-
tentiated the response to SP (10-16 M) significantly compared
to the response to SP alone (14.0±4.1 vs. 5.2±0.6 coughs in 15
min, respectively; P < 0.025, n = 5 each). Additionally, phos-
phoramidon potentiated the responses to saline and to acetic
acid (10-14 M) slightly compared to the response to saline
alone (3.8±1.1 and 4.4±1.7 vs. 2.0±0.6, respectively), but the
increases were not significant (n = 5 each).

Leucine-thiorphan did not potentiate histamine-induced
cough. In each of two guinea pigs, the threshold concentrations
of histamine were 10-8 and 10-7 M, respectively. After treat-
ment with 1-thiorphan, the dose-response curves were not dif-
ferent.

Capsaicin-induced cough. Capsaicin alone caused cough in
a concentration-dependent fashion, with responses to 10-18
and IO-l Mof 4.3±0.7 and 5.8±1.3 coughs in 15 min, respec-
tively (P < 0.05, n = 5 each). Leucine-thiorphan itself did not
cause more cough than did its vehicle (3.6±1.1 vs. 3.2±1.3, P
> 0.05; n = 6), and 1-thiorphan did not potentiate saline-in-
duced cough more than did its vehicle (3.3±0.9 vs. 3.8±0.8, P
> 0.05, n = 6). However, 1-thiorphan increased cough re-

sponses induced by capsaicin ( 10-18 M) significantly compared
to the response to capsaicin after 0.1% ethanol (vehicle for
1-thiorphan) (7.8±0.7 vs. 4.3±0.7; P < 0.01, n = 6). Addition-
ally, phosphoramidon potentiated the number of coughs in
response to 10-17 M capsaicin compared to capsaicin alone
(1 1.6±1.7 vs. 5.8±1.3, respectively; P < 0.05, n = 5 each).

Discussion

This study in awake guinea pig demonstrated three findings.
First, exogenous SP causes cough in very low concentrations
(10-'8_10-16 M). Second, endogenously released SP causes

cough. Third, endogenous NEPmodulates cough responses to
exogenously delivered SP and to endogenously released neuro-

peptides (presumably tachykinins).
Substance P-induced cough. The high sensitivity of guinea

pigs to SP demonstrates that this peptide is an extremely po-

tent stimulant to cough. The response was not due to the
presence of acetic acid because acetic acid alone did not stimu-
late cough, and SP dissolved in saline caused cough to the
same degree as SP dissolved in acetic acid. Because SP is di-
luted in the fluid that coats the airway surface, the actual con-

centration of SP in the airway fluid is probably less than that
delivered in the aerosols. Additionally, because NEPis present
in the airway epithelial cells and nerves (21), the concentration
of SP reaching the sensory nerve receptors is probably even

lower. The effect of SP is probably specific because the re-

sponse is dose dependent. In addition to its direct effects to
stimulate cough, SP appears to alter the threshold of subse-
quent responses to SP and thereby to increase the number of
coughs in response to a threshold concentration. Although the
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mechanism is not certain, it is possible that SP, by inducing
inflammation in the airway tissue (1 1), changes the responsive-
ness to SP. Alternatively, because SP stimulates sensory
nerves, SP might stimulate the release of additional SP from
the airway sensory nerves, increasing the local concentration
of the peptide in the airways and thereby increasing the mag-
nitude of the effects of subsequent doses of SP.

The mechanism by which SP stimulates cough is not
known, but several possibilities exist. First, SP may stimulate
the sensory nerve endings in the airways of guinea pigs, as it
does in the gastrointestinal tract of cats, where it stimulates
abdominal visceral afferent nerves (20). Second, SP may stim-
ulate cough indirectly by releasing histamine from mast cells
(28). Third, mechanical stimulation of sensory nerves may be
caused by mucus secretion (16-18) or by bronchoconstriction
(12-15) in response to SP. However, the low concentrations of
SP sufficient to cause cough are far lower than those required
to release histamine from mast cells or to stimulate mucus
secretion or bronchoconstriction. Thus, these mechanisms are
unlikely to be responsible for mediating cough responses.
Therefore, the most likely mechanism of action of SP is via
stimulation of sensory nerves directly. At a concentration of
I0-` M, the number of molecules aerosolized in 2 min is
- 2,400. Because most of the aerosol generated is not inhaled,

only a few hundred molecules of SP are likely to reach the
airways. Thus, a very small number of SP molecules represents
a stimulus sufficient to elicit the cough response. This extreme
sensitivity is similar to the sensitivities of insect behavioral or
electrophysiological responses to peripherally applied phero-
mones (29) in which only a few molecules can be a sufficient
stimulus. In insects, the very high sensitivity may result from
preferential adsorption of the stimulus molecules to tissues
near sensory receptors or to summation of inputs from many
sensory nerves to more central neural centers. Thus, neuro-
physiological studies of single receptors demonstrated that up
to 100 times higher concentrations of stimulant may be re-
quired to elicit responses from a given nerve than behavioral
responses (30).

The site of action of SP in the airways may be in the nose,
the pharynx, the trachea, or in the lower airways. The particle
size (7.6 um) is sufficiently large to be deposited primarily in
the upper airways, structures innervated by the 5th, 9th, and
10th cranial nerves (trigeminal, glossopharyngeal, and vagal,
respectively). Receptors in these locations can mediate the
common chemical sense (e.g., 31), known to be sensitive to

irritants such as formaldehyde, ozone, amyl alcohol, and cap-
saicin, with a threshold of trigeminal receptors to amyl alcohol
of 300 parts per trillion in air. This is of similar magnitude to
the threshold for histamine-induced cough (l0-8- l0- M), but
is substantially higher than that for SP. Thus, SP appears to be
one of the most potent known stimuli for chemically sensitive
reflexes in mammals.

The cough reflex is also extremely sensitive to capsaicin;
only a few molecules are needed to elicit a response. The ac-
tion of capsaicin is probably mediated via the release of SP,
known to be present in nerves in the vagus (32), because NEP
inhibition potentiated the response, suggesting that endoge-
nously released peptides cleaved by NEPwere responsible. In
the spinal cord, stimulation of sensory nerves by capsaicin
releases SP (24), and in the airway, capsaicin causes broncho-
constriction and increases in vascular permeability, effects that

are abolished by SP receptor antagonists (1 1). Wewere unable
to confirm this possibility by using SP receptor antagonists,
because the antagonists themselves stimulated cough. Finally,
because pretreatment with capsaicin depletes tachykinins from
sensory nerves (33, 34) and prevents airway responses to vagal
nerve stimulation (34) and to irritant stimuli (12), these studies
suggest that cough responses elicited by capsaicin are mediated
by endogenously released tachykinins.

Previous studies have shown that many biochemical agents
can induce cough responses. These include histamine (35, 36),
bradykinin (37), prostaglandins El, E2, F2a (38), and D2 (39).
The mechanism by which histamine and prostaglandin F2a
stimulate cough is believed to be via stimulation of both irri-
tant receptors (myelinated sensory fibers) and bronchial C-
fibers (unmyelinated fibers) (5, 6, 40, 41). Histamine-induced
cough is reduced by beta adrenergic agonists, suggesting that
cough responses are in part mediated via bronchoconstriction
(36). Bradykinin and prostaglandin E2 are believed to cause
cough by their known actions to stimulate bronchial C fibers
(5, 42). However, because the threshold of cough induced by
SP was found to be substantially lower (10-17_10-16 M) than
that induced by histamine (10-8 and 10' M), SP is a more
potent stimulant of sensory nerves than histamine or other
mediators.

Role ofendogenous NEPin modulating tachykinin-induced
cough. In this study, the NEPinhibitors 1-thiorphan and phos-
phoramidon potentiated the SP- and capsaicin-induced cough
responses. This potentiation was not due to the effects of the
NEP inhibitors, because alone they did not stimulate cough
and because they did not potentiate saline-induced cough. The
most likely explanation for these findings is that exogenously
applied or endogenously released SP is cleaved in guinea pig
airways by endogenous NEP, thereby reducing the magnitude
of the effects of the peptide. NEPis a membrane-bound pepti-
dase that was initially found in the kidney (43) and later iden-
tified in the brain (44). Subsequently, the enzymes from the
two sources were shown to be identical (45-47). Although no
functional roles for NEPhave been described in the kidney,
this enzyme modulates the effects of opioid peptides in the
brain (23, 48). NEPexists in many peripheral tissues including
the lungs of humans (49), rats (50), and pigs (51), as well as in
the airways and vagus nerves of ferrets (15, 21), and in the
airways of guinea pigs (22). NEP cleaves SP in several posi-
tions. For example, its cleavage in the 9-10 position results in
the production of SPI-9 (52), which we have previously shown
to be ineffective in stimulating airway gland and smooth mus-
cle responses (15, 18). Kinetic studies have demonstrated that
SP is a good substrate for NEP(52).

In the present study, 1-thiorphan and phosphoramidon also
potentiated capsaicin-induced cough. Because these cough re-
sponses, as well as bronchoconstrictor responses to capsaicin
(22), are potentiated by NEP inhibitors, NEP is probably lo-
cated near the sites of release and action of SP in the airways
(e.g., sensory nerves). Thus, the present data suggests that en-
dogenous SP or another peptide cleaved by NEPis the media-
tor of capsaicin-induced cough responses.

Wespeculate that one of the mechanisms by which cough
responses are produced is that irritants stimulate sensory
nerves in the airways which, in turn, release an endogenous
peptide, possibly SP or another tachykinin, which stimulates
cough. By degrading the released peptides, endogenous NEP
could modulate these responses.
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